Abstract. To examine the effect of muscle strength on insulin resistance, we investigated the association between quantitative lower-extremity muscle strength and insulin resistance index as evaluated by homeostasis model assessment (HOMA-IR) in patients with type 2 diabetes (20 men and 20 women, mean age ± SD: 53.3 ± 12.7 years). By simple linear regression analyses, the knee extension force normalized for body weight (%KEF) was found to be significantly correlated with HOMA-IR in both male (r = -0.510, P<0.05) and female patients (r = -0.462, P<0.05). Stepwise regression analysis also showed that %KEF was an independent determinant of HOMA-IR (β = -0.331, F = 5.400, P<0.005), as was BMI (β = 0.409, F = 8.260, P<0.05). Our data suggest that lower-extremity muscle strength is independently associated with insulin resistance, which seems to be consistent with previous reports that resistance training improves glycemic control in type 2 diabetic patients. Further studies based on a larger study population will be required to confirm this possibility.
TYPE 2 diabetes is characterized by pancreatic β-cell defects and insulin resistance of target tissues, such as skeletal muscle, adipose tissue and liver [1] . Skeletal muscle tissue is responsible for up to 40% of the total body weight and is a major site of insulin-mediated glucose uptake, which accounts for approximately 75% of whole body insulin-stimulated glucose uptake. Although muscle strength is closely related to muscle mass [2] [3] [4] , it is also affected by muscle composition/ quality such as fat accumulation in the muscle [5, 6] . Furthermore, muscle strength but not muscle mass is independently associated with physical performance [7] and mortality [8] , suggesting that muscle strength may represent comprehensive muscle ability. Recently, it has been reported that handgrip muscle strength is significantly associated with fasting insulin level or insulin resistance evaluated by homeostasis model assessment (HOMA-IR) in non-diabetic populations [9, 10] . These observations are consistent with earlier reports that resistance training, as well as aerobic training, enhances insulin sensitivity and reduces blood glucose levels [11] . As well, in obese Japanese women, moderate intensity exercise that combines aerobic and resistance training has been shown to increase adiponectin levels and decrease TNF-α levels [12] . However, the association between muscle strength and insulin resistance in diabetic patients has not previously been reported. Therefore, in this study, we examined the relationship between quantitative lowerextremity muscle strength and insulin resistance in patients with type 2 diabetes.
Materials and methods

Subjects
We recruited 40 patients with type 2 diabetes (20 men and 20 women, mean age ± SD: 53.3 ± 12.7 years) who were admitted to Kochi Medical School Hospital and attended the institutional Diabetes Education Program between January 2003 and June 2005. Diagnoses of type 2 diabetes were made in accord with the American Diabetes Association criteria [13] . Subjects receiving insulin therapy or antidiabetic drugs known to affect insulin sensitivity (thiazolidinediones and biguanides), and subjects with alcoholism, renal failure (serum creatinine >1.5 mg/dl), liver disorders, cardiovascular disease, peripheral vascular disease, or symptomatic osteoarthropathy of lower-extremities were excluded from the study. Diabetic polyneuropathy was defined if the patient had at least one of the symptoms; pain, tingling, burning, or loss of sensation, and at least one of the objective signs on examination; decreased or absent achilles tendon reflex, or decreased vibratory sensation. According to these criteria, seven patients had polyneuropathy; however, there were no patients with severe symptomatic neuropathy who were unable to walk on their heels [14] . Twelve patients had regular exercise habits of more than 30 minutes exercise at least 2 days per week. All subjects gave informed consent to participate in this study.
Measurements
Maximal isometric muscle strength of knee extensors (quadriceps femoris) was evaluated using a dynamometer (Myoret, Kawasaki Heavy Industries Ltd., Tokyo, Japan). Measurements were performed in the sitting position with the knee and hip flexed to 90°, and the dynamometer was applied at the ankle with stabilization at the thigh. Muscle strength was measured bilaterally and twice per side, and the average of the higher values of each leg was defined as the knee extension force (KEF). A ratio of KEF to body weight (%KEF) was calculated by dividing KEF (kg) by body weight (kg) and used in analyses.
Venous blood was drawn after overnight fasting. Fasting plasma glucose (FPG), HbA 1c , serum insulin levels, total cholesterol (TC), HDL-cholesterol (HDL-C), and triglyceride (TG) concentrations were measured using standard techniques. LDL-cholesterol (LDL-C) was calculated using Friedewald's formula: LDL-C = TC -TG/5 -HDL-C. The degree of insulin resistance was estimated by HOMA, which was calculated by the following formula: HOMA-IR = fasting plasma glucose (mmol/l) × serum insulin (µU/ml)/22.5 [15] .
Statistical analyses
All data are presented as means ± SD. Comparisons of variables between two groups were performed using the Mann-Whitney U-test. Correlations between different parameters were determined using Pearson product-moment correlation coefficients. Multiple regression analysis was conducted using a stepwise method with a software program on a personal computer (SPSS, version 11.5J; SPSS Inc., Chicago, IL, USA). Sex (coded as male = 1, female = 2), age, body mass index (BMI), duration of diabetes, HbA 1c , TG, LDL-C, HDL-C, HOMA-IR, diabetic polyneuropathy (coded as absent = 0, existing = 1), and regular exercise habits (coded as no = 1, yes = 2) were incorporated as predictive variables for analysis of %KEF. Variables were considered as independent determinants if the F value was greater than 4.0. Statistical significance was defined as P<0.05.
Results
There were no significant differences between male and female patients for age, duration of diabetes, BMI, FPG, HbA 1c , TG, LDL-C, and HDL-C concentrations, insulin, or HOMA-IR. On the other hand, male patients showed significantly higher %KEF compared with female patients (Table 1) . Although %KEF tended to be higher in patients with regular exercise habits compared to those without (65.3 ± 15.1 vs 54.3 ± 18.4%, respectively; P = 0.078), no difference was detected between patients with and without diabetic polyneuropathy (60.9 ± 19.2 vs 56.9 ± 18.0%, respectively).
By simple linear regression analyses, no correlations were detected between %KEF and age, duration of diabetes, FPG, HbA 1c levels, TG, LDL-C, or HDL-C concentrations (Table 2) . Although there was a significant correlation between %KEF and BMI in female patients, there was no such correlation detected in male patients. On the other hand, %KEF was inversely cor-related with fasting insulin levels and HOMA-IR in both male and female patients (Fig. 1) . Stepwise multiple regression analysis showed that sex, age, HOMA-IR, and exercise habits were significant determinants of %KEF (Table 3 ). Another regression analysis in which HOMA-IR and %KEF were entered as dependent and independent variables, respectively (total R 2 = 0.385, P<0.0005), showed that %KEF was a significant determinant of HOMA-IR (β = -0.331, F = 5.400, P<0.005), as was BMI (β = 0.409, F = 8.260, P<0.05).
Discussion
We demonstrated that %KEF was significantly correlated with HOMA-IR in a small cohort of type 2 diabetic patients. Multiple regression analysis showed that HOMA-IR was significantly associated with %KEF, as were age, sex, and exercise habits. Another regression analysis for HOMA-IR confirmed that %KEF was an independent determinant of HOMA-IR. Lazarus et al. [9] and Abbatecola et al. [10] showed significant correlations of handgrip muscle strength to fasting insulin level and HOMA-IR, respectively. Although these results were obtained from large cohorts, subjects who had chronic medical conditions including diabetes were excluded from the study populations. To our knowledge, our study is the first report showing a significant association between quantitative muscle strength and insulin resistance in type 2 diabetic patients.
Skeletal muscle, as well as the liver and adipose tissue, plays a key role in glucose disposal. Muscle strength depends largely on muscle mass [2] [3] [4] , but it is also affected by muscle quality [5, 6] . Lipid content in skeletal muscle is inversely correlated with insulin sensitivity not only in animal models but also in a human population [16] . Furthermore, it has been shown that higher plasma levels of cytokines interleukin-6 and TNF-α, both of which are proinflammatory and known A stepwise regression analysis was performed. The F value for the inclusion and exclusion of variables was set at 4.0 at each step. Sex: men = 1, women = 2. Exercise habits: no = 1, yes = 2. Diabetic polyneuropathy: absent = 1, existing = 2. β: Partial regression coefficient.
to induce insulin resistance, are associated with lower muscle mass and strength in well-functioning elderly people [17] . Thus, muscle strength may represent comprehensive muscle ability and therefore low muscle strength could be a marker for impaired skeletal muscle glucose disposal that is closely associated with whole-body insulin resistance.
On the other hand, in patients with type 2 diabetes, insulin resistance per se may lead to impairment of muscle strength and performance; since insulin, mainly by inhibiting muscle protein breakdown, plays a major role in regulating muscle protein metabolism. Furthermore, insulin also stimulates mitochondrial protein synthesis, and this stimulation is a crucial factor for the maintenance of mitochondria proteins and their functional activity [18] . Indeed, in type 2 diabetic patients with defective insulin action, a lack of effect of insulin treatment on muscle mitochondrial protein synthesis and cytochrome C oxidase, a key enzyme for ATP production, has been reported [19] . These structural and functional changes in skeletal muscle caused by defective insulin action could be associated with muscle weakness and reduced endurance capacity, which in turn may aggravate insulin resistance.
Aging influences muscle strength and insulin resistance that is characterized by reduced peripheral glucose utilization with preserved suppression of hepatic glucose production [20] . Although, among our diabetic patients, no significant correlation was detected between %KEF and age by simple linear regression analyses, multiple regression analysis clearly showed that age was an independent contributor to %KEF, as were HOMA-IR, sex, and exercise habits. An agerelated decline in the synthesis rate of skeletal muscle myosin heavy chain, a key protein in the contractile apparatus, has been reported, and this could contribute to the muscle weakness [21] . In addition, both mitochondrial protein synthesis and muscle mitochondrial oxidative enzyme activities reduce with age [21] . These age-related changes in skeletal muscle that in- clude reduced muscle mass/strength and mitochondrial dysfunction, may, in combination with reduced physical activity, decrease total energy expenditure and aggravate insulin resistance. It has been reported that muscle strength of extensors and flexors at the ankle are highly affected by diabetic polyneuropathy [22] . The same investigators also reported that the strength of knee flexors, but not of knee extensors, were significantly lower in patients with diabetic polyneuropathy than in those without. Therefore, among muscle groups of the lower-extremities, knee extensors may be the most suitable for evaluating the contribution of muscle strength to insulin resistance independent of polyneuropathy. Indeed, our present study in which patients with severe polyneuropathy were excluded showed no difference in %KEF between patients with and without polyneuropathy. Furthermore, the clinical significance of KEF normalized for body weight as a risk for loss of basic movement ability has been largely confirmed [23, 24] ; therefore, the measure of %KEF can with reasonable confidence be used to estimate both insulin resistance and functional performance at a specific time in diabetic patients.
Our results that lower-extremity muscle strength is independently associated with insulin resistance estimated by HOMA seems to be consistent with previous reports that resistance training has beneficial effects on glucose metabolism in type 2 diabetic patients [11] . However, our association study is underpowered to present definitive conclusions because of the small number of study subjects. Additionally, since we recruited patients who attended the institutional Diabetes Education Program on admission, their metabolic controls were generally poor. It was reported that poor glycemic control is associated with poor muscle quality, defined as muscle strength per regional muscle mass in diabetic patients [25] . Therefore, we need to verify the accuracy of our results in a general diabetic population. We hope that further studies based on a larger diabetic outpatient population will help to confirm these results.
